Auditory spatial acuity was measured in mice using prepulse inhibition (PPI) of the acoustic startle reflex as the indicator response for stimulus detection. The prepulse was a "speaker swap" (SSwap), shifting a noise between two speakers located along the azimuth. Their angular separation, and the spectral composition and sound level of the noise were varied, as was the interstimulus interval (ISI) between SSwap and acoustic startle reflex elicitation. In Experiment 1 a 180°SSwap of wide band noise (WBN) was compared with WBN Onset and Offset. SSwap and WBN Onset had near equal effects, but less than Offset. In Experiment 2 WBN SSwap was measured with speaker separations of 15, 22.5, 45, and 90°. Asymptotic level and the growth rate of PPI increased with increased separation from 15 to 90°, but even the 15°SSwap provided significant PPI for the mean performance of the group. SSwap in Experiment 3 used octave band noise (2)(3)(4)(4)(5)(6)(7)(8)(8)(9)(10)(11)(12)(13)(14)(15)(16)(16)(17)(18)(19)(20)(21)(22)(23)(24)(25)(26)(27)(28)(29)(30)(31)(32) and separations of 7.5 to 180°. SSwap was most effective for the highest frequencies, with no significant PPI for SSwap below 8 -16 kHz, or for separations of 7.5°. In Experiment 4 SSwap had WBN sound levels from 40 to 78 dB SPL, and separations of 22.5, 45, 90, and 180°: PPI increased with level, this effect varying with ISI and angular separation. These experiments extend the prior findings on sound localization in mice, and the dependence of PPI on ISI adds a reaction time-like dimension to this behavioral analysis.
The neurobiological explanation of how mammals locate sound objects in space has historically advanced through multidisciplinary research projects that have combined anatomical and/or electrophysiological methods with behavioral psychophysics (e.g., the seminal works of Galambos, Schartzkopff, & Rupert, 1959; Masterton, Thompson, Bechtold, & RoBards, 1975; Neff, Fisher, Diamond, & Yela, 1956) . These experiments, and the many that have succeeded them, have most often studied sound localization in large laboratory animals, for example, cats, dogs, or monkeys, which have sufficiently large heads to provide both major cues for sound localization along the azimuth: the interaural timing difference cues (ITD) for low frequency signals; and interaural level difference cues (ILD) for high frequency signals. In addition, these animals also make use of monaural mid-and high-frequency spectral cues that are created by head and pinna position relative to the sound source for additional azimuthal guidance as well as for elevation location (e.g., in the cat, Rice, May Spirou, & Young, 1992) . Further benefits of using these particular animals for sensory behavioral studies are that they can be readily motivated and trained in auditory discrimination tasks, and that the data they provide can rival the psychophysical results obtained from human observers (as shown, e.g., by Huang & May, 1996; Populin & Yin, 1998) . In total, these research programs have produced a systems level description of the neural mechanisms by which monaural spectral and binaural timing and level cues are first separated and then reintegrated in the auditory brainstem, and at more rostral sites, thus providing the neural basis for sensory-behavioral spatial localization as described, for example, by Yin (2002) and Schofield (2005) .
In contrast to this preference for large laboratory animals in the study of central auditory processing, hearing science in recent years has increasingly focused on the mouse as being most useful for understanding the biological composition and biophysical operation of the peripheral auditory system. This trend is because of advances in molecular biology and is most obvious in the growing application of mouse genetic engineering to the study of peripheral hearing loss and its genetic and cellular bases (Brown, HardistyHughes, & Mburu, 2008) .
Historically, the mouse has not been considered an appropriate animal for the study of sound localization, mainly because in contrast to larger mammals it is reasonably understood to make little if any use of ITD cues, relying primarily on ILD cues to locate sounds. The diameter of the mouse head is ϳ16 mm (Chen, Cain, & Jen, 1995) , which provides a maximal left versus right ITD of only about 100 sec. Li and Borg (1991) among others have shown that it has very poor sensitivity to low frequency stimuli below about 1.5 kHz, known to provide useful ITD information in mammals (e.g., Mills, 1958) . In contrast, the maximal left-right ILD varies over a useful range of 10 to about 60 dB with increasing audio-frequency from 10 to 80 kHz (Chen et al., 1995) . Consequently, there is only a scant behavioral literature devoted to the study of sound localization in the mouse. Ehret and Dreyer (1984) trained water-deprived outbred NMRI mice (successfully in 8 of a beginning group of 10) with a water reward that the mice received for approaching distant sounds placed around the perimeter of a small arena. They reported minimum audible angles (MAA) for threshold discrimination of 7°f or broadband noise and 9.5-15°for tonal stimuli, but their mice required continuous presentation of the stimuli during the trials to perform this task. Heffner and Heffner (1988a) used a conditioned avoidance procedure and a 50% criterion for threshold detection to show that water deprived predator grasshopper mice (n ϭ 3) had an MAA of about 19°, while Heffner, Koay, and Heffner (2001) later tested C57/BL6 mice (n ϭ 3) with the same procedure to find an MAA of 33°at 2 months of age that increased to 46°at 7 months of age. This strain is well known for its age-related progressive hearing loss beginning with the highest audiofrequencies (shown by Mikaelian, Warfield, and Norris 1974, in behavioral tests, and more recently with Auditory Brainstem Response (ABR) thresholds by Li & Borg, 1991 , and many others). The increase in the MAA of older C57 mice was attributed by to its high frequency hearing loss and the consequent loss of ILD cues. also used different upper cut-offs in low-pass noise to show that their young C57 mice performed less well when the stimulus band was restricted to 20 kHz and below, this supporting their explanation of the poorer performance of the older mice. Their data in young mice (Heffner & Heffner, 1988a; ) contrast with the Ehret and Dreyer (1984) report of a MAA of 12°for 1 kHz tones. This discrepancy between these two experiments is readily ascribed to the unique semirealistic test arena used by Ehret and Dreyer (1984) , as the freely moving animal could possible learn to "home-in" on the target by listening for increases and decreases in sound level as it explored the test chamber.
In addition to poor ITD sensitivity, another impediment to the study of sound localization in mice is that some aspects of the classic behavioral-psychophysical tests based on reinforcement or punishment training schedules, so useful for assessing sensory abilities in other laboratory animals (cf. Fay, 1988) , have been difficult to apply to mice, as described, for example, by . As such, these methods are best used for studying small groups of animals that can be presumed to be representative of the strain or species, or in "life span" experiments in which the behavioral effects of prolonged initial training can be maintained with repeating testing (e.g., May, Kimar, & Prosen, 2006; Mikalian et al., 1974) . The assumption of homogeneity across animals may not hold for genetically engineered animals and, further, their having a normal life span is not assured: beyond these caveats, it is almost certain that testing relatively large groups of mice will be necessary to assure sufficient power for the statistical comparison of differences between groups of normal versus mutant animals.
Recent in vitro and in vivo electrophysiological investigations of the mouse auditory brainstem that include the study of genetically engineered mice have greatly enlarged our understanding of the neurobiology of brainstem nuclei that process sound location cues (e.g., Brew, Hallows, & Tempel, 2003; Brew & Forsythe, 1995; Gittelman & Temple, 2006; Golding, Ferragamo, & Oertel, 1999; Kopp-Scheinpflug et al., 2003; Rothman & Manis, 2003) . However, the present lack of rapid and objective methods for studying auditory processing in awake and behaving mice is an impediment to transporting these same genetic engineering techniques into the study of the molecular basis of sensory and perceptual processes.
With these requirements in mind, in the present experimental series we use a novel application of Reflex Modification Audiometry (RMA, Young & Fechter, 1983) to assess the ability of CBA/CaJ mice to detect a change in the location of a sound source. RMA is a rapid method of determining whether an animal has detected a signal (the prepulse) by observing its indirect effect on the expression of a reflex by an eliciting stimulus (ES) presented shortly afterward. Ison and Hoffman (1983) reviewed the history of research on reflex modification, which dates back to the initial discoveries of Sechenov (1863 Sechenov ( /1965 , while Koch (1999) and Swerdlow, Geyer, and Braff (2001) have reviewed its physiological bases. As described by Hoffman and Ison (1992) , RMA provides a sensitive objective test of sensory function in developmental and comparative research that is noninvasive, does not require food or water deprivation, and requires limited or no training before testing. These characteristics may make this method very useful for the behavioral study of spatial localization as well as for other examples of complex auditory processing in genetically modified mice.
Reflex modification by preliminary stimuli varies with the time interval by which the prepulse leads the ES (the interstimulus interval, ISI). Reflex effects at ISIs beyond about 20 to 40 ms are sensitive to pharmacological challenges and to cortical ablation, which have no effect at shorter ISIs (for gap detection in rats, Bowen et al., 2003; Ison, O'Connor, Bowen, & Bocirnea, 1991; and Ison & Bowen, 2000 ; and for SSwap in mice, Ison et al., 2009) . These data suggest the involvement of different neural loci in PPI with increasing ISI. Changes in PPI with latency might reflect a temporal progression of processing along the afferent auditory pathway, though at present this model lacks a detailed neurophysiological basis, in contrast with other methods such as the ABR (e.g., Melcher et al., 1996) .
The empirical aim of the present investigation was to determine the effects on reflex modification of manipulating the standard stimulus parameters important for sound localization, namely, the angular separation between two sounds, their spectral composition, and their sound level.
Methods

Subjects
The mice (N ϭ 31 in total) were all of the CBA/CaJ inbred strain, bred at the University of Rochester from Jackson Laboratory stock (Bar Harbor, ME). The same group of 3-4-month-old mice (10 male and 3 female) was tested in Experiments 1 and 2. A second group of 11-14 month old mice (3 male and 9 female) were tested in Experiment 3, and a third group of 6-month-old mice (3 male and 3 female) were tested in Experiment 4. While many strains of mice show early onset age-related hearing loss (Zheng, Johnson, & Erway, 1999) , the CBA/CaJ does not show significant high frequency hearing loss until they approach 2 years of age (Li and Borg, 1991) . Thus in contrast to the C57BL/6J mice studied by , there is no a priori reason to expect agerelated performance differences between these three groups of adult mice. All mice were group-housed (2 to 3 mice per cage) in the University of Rochester vivarium in a controlled constant climate and a 12/12 h normal L/D cycle, with testing during the daylight hours. Food and water was freely available except during testing, which lasted for about 1 hr per session. The ambient noise level in the colony was 40 dB SPL at 2 kHz and decreased linearly to 25 dB SPL at 24 kHz on a log-frequency scale. The University of Rochester Committee on Animal Resources approved all procedures, which were in accord with USPHS regulations and the Federal Animal Welfare Act.
Apparatus
Experiments were conducted within a sound-attenuating room (IAC, Bronx, NY) with echo-attenuating acoustical foam (Sonex; Illbruck, Minneapolis, MN) lining the walls. One mouse was tested at a time while confined in an aluminum wire cage, 5 cm wide, 7 cm long, and 4 cm high, having free sound penetration. The mouse was further restricted by adjustable wire combs oriented with the long dimension of the cage, which lightly pressed against its sides. Startle stimuli were 15 ms broad-band noise bursts (rectangulargated, 50 kHz bandwidth, 120 dB SPL) digitally generated using a Tucker-Davis Technology (TDT, Alachua, FL) RP2.1 Real-time Processor. Startle eliciting stimuli (ES) were attenuated using a TDT PA5, then amplified with an Adcom (East Brunswick, NJ) GFA-535 II amplifier and broadcast from 15 cm above the mouse via a Yamaha JA4281B compression tweeter. Carrier stimuli in these experiments were broadcast from one of two matched TDT-ES1 electrostatic speakers located 50 cm from the mouse's head in the azimuthal plane (but 100 cm in Experiments 3 and 4). The carriers in Experiments 1, 2, and 4 consisted of rectangular-gated (ϳ0 ms rise-fall time) broadband noise (1-50 kHz and 70 dB SPL in Experiments 1 and 2, but varying between 40, 50, 60, 70, and 78 dB SPL in Experiment 4). The carrier in Experiment 3 was a 70 dB SPL broadband noise that was then octave-band filtered using a 4th order digital IIR filter implemented onboard the RP2.1, with coincident 2 ms rise-fall time shaping and a 50 dB SPL broadband floor to mask any switching transients. These carriers were digitally generated using a second TDT-RP2 (100 kHz sample rate) in real time. Sound levels were measured with a 1/4" microphone (B&K Model 4135, Bruel & Kjaer North America, Norcross, GA) connected to a measuring amplifier (B&K Model 2610). The two matched carrier speakers were positioned with angular separations of 180, 90, 45, 22.5, or 15°(7.5°instead of 15°in Experiment 3; only 180°in Experiment 1), with each speaker facing the test cage. The testing cage was oriented so that the mouse's head faced the midline between the two speakers and was mounted on a 15-cm long pedestal that was bolted to a suspended acrylic platform to which an accelerometer was attached. The startle speaker and its supports, the pedestal and the acrylic shelf, and the table on which the apparatus was placed were all covered with echo absorbing foam or carpeting. The force of the startle reflex was transduced by the accelerometer and the voltage output sampled at 1 kHz by the first RP2.1. The startle response amplitude was the RMS of this output in the 100 ms period after the delivery of the startle stimulus. The experimental stimuli were controlled and the responses recorded by a PC using a custom LabView (National Instruments) front-end. The mouse was placed into the test cage in a second IAC-sound attenuating holding room, and then the cage was taken next door to the test room and fastened to the pedestal. Test trials began 2-4 min later and continued for about 60 min.
General Procedures
The prepulse in each experiment was a change in the location of the noise carrier between two matched speakers (SSwap). In Experiment 1 there were two additional conditions of Noise Onset or Noise Offset from a single speaker. The stimuli were presented at different ISI before the ES, to determine the time course of their effect as well as its peak. In Experiment 1 there were two test sessions, in Experiment 2 there were four, in Experiment 3 there were five, and in Experiment 4 there were eight. Each session lasted approximately 60 min and several rest days separated the sessions. The speakers had a fixed angular spacing in any one test session, while different audio-frequency (Experiment 3) or sound level (Experiment 4) conditions for the noise band carrier were varied within each session. All sessions began with the mouse being placed within the testing cage in the startle chamber for a 2-min period in the presence of continuous background noise presented from one of the carrier speakers (or quiet for the "Onset" session in Experiment 1). There were 11 presentations of each condition, these being block randomized with 16 conditions in each block. These conditions were: presentation of the prepulse with ISI ϭ 1, 2, 5, 10, 20, 30, 40, 50, 60, 100, 150, 200 , or 300 ms (10, 50, and 200 ms in Experiments 3 and 4); two no-prepulse baseline startle control trials; and a no-ES control to measure background activity. The intertrial interval averaged 20 s and was randomly selected from the range 15 to 25 s. Stimulus presentation and response recording were both controlled by the computer and the animal's general behavior (e.g., grooming or head orientation) was not monitored by the experimenters during the test period, nor was there any later selection or rejection of the resulting responses.
Data Analysis
The mean of the ASR values for each condition was calculated for each subject, after excluding the first block of trials to avoid possible skewing effects of an initial adaptation to the ES. The mean ASR amplitude measures are given in arbitrary voltage units (aV-units), which are internally consistent across experiments. Prepulse inhibition scores were calculated as a ratio of each subject's mean response amplitude in the prestimulus condition (ASR p ) compared with the no-prepulse control baseline (ASR c ), using the formula
Repeated-measures analyses of variance (ANOVA) with ISI duration, speaker angle, and/or noise band spectrum and level as within-subject variables were performed with SPSS v.16 (SPSS Inc., Chicago, IL). The p values provided by the ANOVA were adjusted via the Hunyh-Feldt method for nonhomogeneity of between-cell correlations and effect sizes were determined by SPSS partial-Eta-squared measures ( p 2 ). Correlations between conditions across subjects are reported as Pearson's r-statistic. Graphical presentation of the data and supplemental t tests on specific stimulus conditions within-and between-subjects used GraphPad Prism software (version 4.2), and effect sizes were determined by R 2 . The effect sizes for individual animals and conditions was provided by Cohen's d-statistic (Cohen, 1992, p. 157) , calculated for each subject as the mean ASR difference within each block between the mean of the two C trials and the mean of selected P condition trials, and the mean of the blockmeans was divided by the standard deviations of the differences.
Experimental Designs, Rationale, and Results
Experiment 1
Experiments on reflex modification have typically used a simple prepulse such as a burst or an increment in acoustic energy, or less often an offset or energy decrement as the prepulse, or a photic prepulse, but it has been hypothesized that any perturbation in the stimulus environment immediately before a reflex eliciting stimulus would affect reflex expression (Hoffman & Ison, 1980) . Thus, Experiment 1 was designed to determine if PPI would be observed when an ongoing noise was moved over a 180°separation from the right side to the left side of the mouse while maintaining the overall sound level. The SSwap condition was compared with the two separate manipulations of the offset of an ongoing noise, or the onset of noise presented in a quiet background.
In the interpretation of the results of this experimental design it is important to note the startle amplitudes are affected by prevailing background noise as well as by prepulse stimuli (e.g., Hoffman & Searle, 1965) . For this reason, it was anticipated that the control reflex amplitudes would differ between the noise offset versus onset sessions because the control ES was delivered in noise versus in quiet, and also the PPI values would in part reflect the noise levels prevailing at the time of the prepulse. In principle, of the three prepulse types studied here, the SSwap session provides the best example of a pure prepulse effect, because this prepulse is an exchange of sound location between the two ears that does not alter the overall noise level.
Procedure. The general methods were those described above. There were three conditions, each testing a different type of prestimulus: SSwap, with the speakers separated by 180°right and left; Noise Offset in the right hand speaker, with the ES presented in quiet; and Noise Onset in the left hand speaker with the ES presented in a noise background. The prestimuli were followed by the ES at ISI of 1, 2, 5, 10, 20, 30, 40, 50, 60, 100, 150, 200 , and 300 ms, to track both the temporal development and the decay of PPI as well as its maximum strength. The experiment was planned to last for 3 test days with all animals being tested in each of the three conditions, but ended after 2 days when the results were already decisive: at this time 9 mice had been tested with SSwap, 11 with Noise Offset, and 6 with Noise Onset.
Results. Figure 1 shows the mean (SEM) PPI values as a function of ISI for each of the three stimulus conditions. All provided a rapidly increasing PPI effect that rose to a broad peak beginning at about 10 to 20 ms, this followed by a more gradual decay after about 60 to 100 ms. The ANOVA of these data proceeded on the conservative assumption that the comparisons across the three stimulus conditions were uncorrelated so that stimulus conditions could be treated as a between-subjects effect, while the comparison across ISI was a within-subjects effect. Over all three conditions the main effect of ISI was significant, F(13, 299) ϭ 167.20, p Ͻ .001, p 2 ϭ 0.88, as was the stimulus condition, F(2, 23) ϭ 85.53, p Ͻ .001, p 2 ϭ 0.36. The contrast of SSwap with Noise Onset was significant only for their interaction with ISI, F(13, 169) ϭ 3.57, p Ͻ .001, p 2 ϭ 0.21. Of primary importance, the 180°SSwap alone provided very strong PPI, that was significant for the group as early as 5 ms, t(8) ϭ 2.32, p Ͻ .05, R 2 ϭ 0.40, and reached a near asymptotic peak at 10 ms that persisted for about 100 ms before beginning a gradual decay. Seven of the nine mice provided significant PPI ( p Ͻ .01) for SSwap between 10 and 100 ms, the two exceptions showing "near" significant results at p ϭ .07 and p ϭ .08.
Noise Offset provided more PPI at its peak and a more rapid development with increasing ISI than SSwap. An Offset PPI effect that was marginal at the 1 ms ISI, t(10) ϭ 2.19, p ϭ .054, R 2 ϭ 0.32, was highly significant for every ISI thereafter ( p Ͻ .001). Noise Onset provided a similar level of peak PPI as SSwap but had the longest delay, with significant PPI at 10 ms, t(5) ϭ 7.49, p Ͻ .001, R 2 ϭ 0.91, but also significant levels of PPI for every ISI thereafter (at least p Ͻ .01, save at 300 ms, p Ͻ .05). It may be noted in Figure 1 that both SSwap and Noise Onset provided an initial brief period of reflex facilitation but this was significant only for the Noise Onset condition at the 2 ms ISI, t(5) ϭ 4.09, p Ͻ .001, R 2 ϭ 0.77. Startle reflex facilitation by auditory onsets and inhibition by offsets at very brief ISIs are common finding in similar experiments (Ison, Taylor, Bowen, & Schwarzkopf, 1997; Ison & Allen, 2003) .
The effect of the background noise level on the amplitude of the baseline ASR was prominent in Experiment 1: the control baseline ASR mean (SD, n) for the SSwap condition was 4029 (1374, 9) aV-units, which was very similar to the mean for the Noise Offset condition of 4057 (1019, 11) . However these contrasted with the mean for the Noise Onset condition for which the control startle was given in quiet, which was just 2516 (608, 6). The ANOVA of these data provided a significant effect of stimulus condition, F(2, 25) ϭ 4.53, p ϭ .02, p 2 ϭ 0.28. (1) a 180°change in the location of a WBN from right to left; (2) the offset of WBN that had been presented in the right hand speaker, the ES being presented in quiet for prepulse trials and in a background of WBN for control trials; and (3) the onset of the WBN in the left hand speaker, the ES being presented in a background of quiet in control trials and in the presence of the WBN for prepulse trials (Experiment 1, n ϭ 9, 11, and 6).
These data indicate that the effects of the Noise Onset and Offset prestimuli have two components, one being the transient prepulse effect and the other the ongoing effect of the continuous noise at the time of ASR elicitation. This latter effect adds to the SSwap PPI for the Offset condition but diminishes it for the Onset condition, a difference that possibly accounts for the PPI difference between these two stimulus types apparent in Figure 1 . In contrast, the same level of background noise was always present for the SSwap condition, and its PPI effect can be ascribed entirely to the SSwap stimulus. Table 1 provides the mean (SD, Range) for Cohen's d effect size statistic for the three prepulse conditions, averaged over ISI values of 10 to 100 ms: this measure complements the average PPI statistics with a index that reflects the degree of trial-to-trial variability between control and inhibited trials within each subject.
Experiment 2
Experiment 1 established that the maximal possible shift in sound location for a wide band noise over a separation of 180°p rovides a very strong PPI effect on the ASR. PPI reached a near asymptotic level within ISIs of about 10 ms and then gradually decayed beyond about 100 ms. These positive findings encouraged this second experiment, designed to determine how PPI would change as the angular separation between the two speakers in the SSwap condition was progressively reduced. As described above, previous work on spatial acuity in the mouse has variously reported thresholds for noise bands between 9 and 33°, this depending on the strain of mouse and the testing method (Ehret & Dreyer, 1984; ). In Experiment 2 we used four angular separations of 90, 45, 22.5, and 15°, and again used the same ISI of 1 to 300 ms to determine the onset latency and the temporal development and decay of PPI.
Procedure. The general methods were those described above, and the subjects had been previously tested in Experiment 1. There were four experimental sessions, each presenting the SSwap paradigm described in Experiment 1, but with a different angle between the speakers in each session. The first session used a 15°s peaker angle as a contrast to the very effective 180°condition given in Experiment 1. Given modest evidence of PPI at 15°, the next session presented used the 90°separation, followed then by 45°, and finally the 22.5°separation. The SSwap prestimuli were followed by the ES as in Experiment 1 with ISI of 1, 2, 5, 10, 20, 30, 40, 50, 60, 100, 150, 200 , and 300 ms, there were two ES-alone control trials, and one no-stimulus condition to measure background activity.
Results. Figure 2 depicts the mean (SEM) levels of PPI for the four angular separations. The peak level of PPI increased with increasing angular separation from 15°up to 45°, and the peak for 90°was approximately equal to that obtained for the 45°separa-tion. The latency of both PPI onset and its peak varied with increasing separation. In contrast to the 5 ms onset latency obtained for the 180°separation in Experiment 1, here PPI onset was delayed until at least 10 ms, and the peak level of PPI was present at 10 ms for the 90°separation, but later at 40 to 60 ms for the smaller separations. The ANOVA of these data provided significant main effects for Angle, F(3, 36) indicating that the change in location of even the 15°difference could be detected in the group data. For the 90°separation at ISI of 10 and 20 ms all 13 mice had significant PPI at p Ͻ .05; for 45°a t ISI of 40 and 50 ms, 12 of the 13 mice had significant PPI at p Ͻ .05, the exception providing p ϭ .076; for 22.5°at ISI of 50 and 60 ms, 7 of the 13 mice showed significant PPI; and for 15°for ISI of 60 and 100 ms, just 3 of the 13 mice had significant levels of PPI. Post hoc analyses of the effect size of SSwap are given in Table 1 , with Cohen's d-statistic for individual mice calculated using the two ISIs that provided the largest Group PPI values for each angle as is shown in Figure 2 . A repeated measure ANOVA of the d-scores provided a significant effect of Angular Separation, F(3, 36) ϭ 3.89, p ϭ .023, p 2 ϭ 0.24. There were no significant differences in the control ASR scores across the four experimental sessions, (F Ͻ 1), which indicates that there was no habituation of the startle response caused by repeated testing. The mean control ASR (SD) ranged from 4324 (1039) at the 15°separation to 4723 (1458) at 45°. The overall correlation of control ASR values for the differences between mice across testing sessions was r ϭ ϩ0.77, p Ͻ .001, while neither the positive correlation of d-scores (r ϭ ϩ0.47) or of peak PPI values (r ϭ ϩ0.51) achieved statistical significance.
Experiment 3
Experiment 3 was designed to determine which spectral components of broadband noise provide the acoustic cues responsible for the detection of a change in noise location in the prior experiments. reported that near asymptotic sound localization in young C57BL/6J mice was maintained as the upper cutoff of low-pass noise dropped from 80 to 40 kHz, but then declined markedly as it was reduced to 20 kHz and further to 10 kHz. Changing the low-pass cut-off of the noise certainly reduced the potential contribution of high frequencies to localization but was also accompanied by an overall decrease in its bandwidth and thus spread along the basilar membrane: this might have also affected performance in their mice. In Experiment 3, the test stimuli were four adjacent 1-octave noise bands, and while this manipulation also confounds bandwidth with the upper frequency of each band, it may be assumed at least that different octave bands occupy approximately equal areas along the mouse basilar membrane (Ehret, 1978) . A secondary objective in Experiment 3 was to determine if these mice could detect a change in sound source location when the speaker separation is just 7.5°, this being the detection threshold obtained in young adult mice by Ehret and Dreyer (1984) when the mice were able to home-in on a succession of noise bursts.
Procedure. The subjects were 12 CBA mice, 9 female and 3 male, on average 12 months of age. Five angular separations were used, one on each of five test days: 180, 90, 45, 22.5, and 7.5°, presented in counterbalanced order across mice. On each test day the SSwap stimuli consisted of four different octave bands of 2-4, 4 -8, 8 -16, and 16 -32 kHz. In addition, a continuous 50 kHz wide band noise presented at 50 dB SPL was played from both speakers, which was intended to mask any spectral transients remaining with the 2 ms cosine-squared gating of the stimuli. For each octave band there were four different conditions; the no-prepulse control, and the SSwap prepulse conditions presented at 10, 50, and 200 ms ISI. A previous report has shown that all of these octave bands are audible to CBA/CaJ mice and yield significant PPI when presented as brief pulses in quiet .
Results. Figure 3 presents the mean (SEM) PPI versus ISI for the four different spectral bands, with the five different angular separations presented for each band. Inspection of this figure reveals that for the highest frequency band of 16 -32 kHz the 180, 90, and 45°angles were equally effective; that for the band of 8 -16 kHz only the 180°angular separation had a substantial effect at the 50 ms ISI as well as the 200 ms ISI; and the 4 -8 kHz and the 2-4 kHz octave bands had minimal effects for any separation. The overall ANOVA of these data provided significant main effects for Band, F(3, 33) Separate post hoc ANOVA revealed that neither of the lower two bands, 2-4 and 4 -8 kHz, provided significant PPI at any ISI or speaker angle ( p Ͼ .10) while both the higher bands, 8 -16 and 16 -32 kHz, provided significant interactions for Angle and ISI ( p Ͻ .01). Post hoc analyses of the Cohen's d effect size statistic for SSwap at 50 ms are shown in Table 1 , presented for all of the statistically significant conditions, and also for the largest separation at each frequency band that failed to provide significant inhibition. Analyses of these data provided significant effects ( p Ͻ .01) at an ISI of 50 ms for the 16 to 32 kHz band at all angular separations between 180 and 22.5°but not 7.5°; and also for the 8 to 16 kHz band at 180 but not 90°; and there were no significant effects at any angle for the two lowest octave bands. The correlation of the peak d-statistics among mice across bandwidths within a day was always positive but never statistically significant (ϩ0.33 Ͻ r Ͻ ϩ0.56), but there were stable individual differences in ASR control levels across all conditions (r ϭ ϩ0.58, p ϭ .01), while correlations across different octave bands within a single day all exceeded r ϭ .96 ( p Ͻ .01). 
Experiment 4
Experiment 4 was designed to investigate the effect of sound intensity on the PPI effect of SSwap at the peak level for 50 ms and also its early onset at 10 ms and its later decay at 200 ms. We have not found in the literature any reference to the dependence of spatial acuity on sound level in mice, but there are relevant psychophysical studies in human observers beginning with Altschuler and Comalli (1975) and including more recently Su and Recanzone (2001) and Sabin, Macpherson, and Middlebrooks (2005) . Generally, localization of sounds and sensitivity to a relative change in their position improves with increasing intensity above the absolute threshold for the carrier. Recanzone and Beckerman (2004) reported similar behavioral effects in monkeys to those reported for humans, and Woods et al. (2006) , in an electrophysiological study conducted in awake and behaving monkeys, found that the numbers of spatially responsive cortical neurons and their rate of firing to stimulus onsets and offsets increased over the entire range of stimulus intensities.
Procedure. The general methods were those described above. The subjects were 6-month old CBA/CaJ mice (3 males, 3 females). There were 8 test days and on each the angular separation for SSwap was held constant at 22.5, 45, 90, or 180°. The testing order was counterbalanced among the mice and each angle tested twice. Two stimulus dimensions were varied on each test day, the Noise Level of the wide band noise (WBN) (40, 50, 60, 70 , and 78 dB SPL) and the ISI (10, 50, and 200 ms), plus there were baseline conditions of a single ES alone in each noise level.
Results. Figure 4 shows the effect of carrier level on both the control startle reflex (ASR) and PPI at 10, 50, and 200 ms ISI, both dimensions averaged across angle. As anticipated the inhibitory effect of SSwap was greatest at the 50 ms ISI, next with the 10 ms interval, and least at 200 ms. The effect of level on the ASR, here peaking at 60 dB SPL, is similar to that previously reported in rats (e.g., Ison & Hammond, 1971) : the initial increase in the ASR is thought to reflect noise-related arousal, while the subsequent downturn possibly represents some form of sensory masking (Davis, 1974) . In contrast, the effect of level on PPI was a monotonic increasing function overall, this most apparent for the 50 ms ISI, least apparent for the 10 ms ISI. The ANOVA of the ASR data provided a main effect for Level, F(4, 20) ϭ 13.60, p Ͻ .01, p 2 ϭ 0.74, with significant quadratic and cubic trends ( p Ͻ .01) attesting to the nonmonotonic first increasing then decreasing effect. The ANOVA of the level effect on PPI in the entire set of data that included all three ISIs and all four angular separations provided a main effect of Level that was significant, F(4, 20) ϭ 4.23, p ϭ .017, p 2 ϭ 0.47, with a linear increasing trend, F(1, 5) ϭ 20.66, p Ͻ .01, p 2 ϭ 0.80; a significant main effect for ISI, F(3, 15) ϭ 7.73, p ϭ .002, p 2 ϭ 0.61, and also a significant interaction between Level and ISI, F(9, 45) ϭ 10.94, p Ͻ .001, p 2 ϭ 0.69: this interaction appears to capture the greater relative effect of high carrier levels on PPI at the 50 and 200 ms compared to the 10 ms ISI. There was also an expected significant effect for Angular Separation, F(3, 15) ϭ 153.24, p Ͻ .001, p 2 ϭ 0.97, and a relatively small but significant 3-way interaction between Angle, Level, and ISI, F(36, 180) ϭ 1.82, p ϭ .035, p 2 ϭ 0.28. This latter 3-way interaction (not depicted in Figure 4 to maintain the clarity of the larger effects) may reflect the effect of increased noise level being most evident at longer ISIs and at greater angles, and least evident at 10 ms for the 22.5°angle. The post hoc analysis of Cohen's d-statistic at the 50 ms ISI showed these effects in the performance of individual mice, and are presented in Table 1 for the extreme levels, comparing 40 versus 78 dB SPL. The average d-statistic was higher for 78 dB compared to 40 dB for each mouse, t(5) ϭ 9.05, p Ͻ .001, R 2 ϭ 0.94. 
Discussion
The results of these experiments reinforce and extend the limited data previously available on the ability of mice to detect a change in sound source location, and underscore the value of the RMA methods for studying this aspect of complex auditory processing in mice.
The data obtained in Experiment 1 show that a 180°shift in sound from right to left in the frontal plane is a very effective stimulus for producing PPI, with its effect being nearly equal to that obtained with separate noise onset and noise offset conditions. It is particularly interesting that these simple onsets and offsets had significant effects at ISIs of just 2 ms between the prepulse and the startle stimulus, with reflex facilitation provided by noise onset and reflex inhibition by noise offset. The most plausible explanation of these effects is that at very brief intervals the prepulse combines with the startle stimulus at or near the spinal root nucleus, which is the putative origin of the startle reflex in rodents (Nodal & Lopez, 2003) . The small initial hint of reflex facilitation provided by SSwap at 2 ms followed by significant PPI at 5 ms suggests that the coincident onsets and offsets processed by the most caudal monaural pathways may have independent and competing effects on startle reflex expression.
The data obtained in Experiment 2 show that the strength of PPI was reduced with smaller angular separations of the two speakers, but that even the smallest separation of 15°produced a statistically significant effect for the group of mice. However, just 3 of the 13 mice showed significant PPI ( p Ͻ .05) at 15°, while 7 mice had significant PPI at 22.5°, and all 12 mice provided significant PPI at 45 and 90°. With a less stringent criterion for threshold performance (e.g., a 1-tail test) more mice would be counted as having detected the 15°SSwap (in fact, 8 of 13). We note that the experimental paradigm could be made more powerful for each subject by increasing the numbers of presentation of each condition in each session, and by duplicating sessions on different testing days, and such statistical and experimental design features can be tailored to the nature of the hypothesis.
An important feature of the Experiment 2 data is that the growth of PPI with increasing ISI was slower as the angular separation between the speakers decreased. This is another indication that the wider angular separations provided the mouse with a more salient stimulus. The graded series of relatively slow onsets of PPI in the second experiment is also consistent with the hypothesis that smaller angular separations for SSwap demand more neural processing than the more rapidly appearing effects of noise onsets and offsets. Here it is of interest that a phenomenon of "binaural sluggishness" has been observed in human psychoacoustic experiments, describing the delayed detection of a binaural masked stimulus (Grantham & Wightman, 1978; Kollmeier & Gilkey, 1990) or binaural gap detection (Summerfield & Akeroyd, 2000) . Alternatively, monaural processing of intensity changes at the two ears might also provide sufficient cues for detection of the SSwap prepulse. The relative contributions of monaural and binaural cues for detection are not easily determined in free-field behavioral experiments with intact normal animals. However, as described above, there are pharmacological and physiological manipulations that target long latency PPI but which do not affect short latency PPI (Ison et al., 1991; Ison & Bowen, 2000; Bowen et al., 2003; Ison et al., 2009) . Further experiments of this kind would help to resolve any present ambiguities concerning the neural bases of PPI for SSwap.
The results of Experiment 3 are consistent with the understanding that very high audio-frequencies are necessary for the mouse to distinguish one sound location from another . At the highest octave band of 16 to 32 kHz the group of mice showed significant PPI for all shifts in location between 180 and 22.5°, while for the 8 to 16 kHz octave band only the 180°SSwap was detected, and SSwap for the lower frequency bands of 4 to 8 kHz and 2 to 4 kHz did not provide significant PPI for any degree of separation. has shown that the simple onset of both of these lower frequency octave bands presented in quiet inhibits the ASR, so their failure here to generate PPI cannot be attributed to these stimuli being inaudible. Rather, given their long wave-length in comparison to the diameter of the mouse head, they are likely equally present at the two ears of the mouse regardless of their location.
In principle, the essential cues contained in the high frequency octave bands that did produce PPI could be both the location-specific monaural spectral cues resulting from the filtering effect of the pinna as well as the binaural cues of interaural level and possibly onset-time differences. The effectiveness of monaural cues was obvious to the human experimenters when listening to SSwap with one ear blocked, as the change in the location of the broadband noise was readily detected. We ascribe this effect to head and ear-shaped spectral cues because we could not detect the change in the sound when the output of the two speakers was transmitted through a tube that was inserted into the ear canal. For mice, both monaural and binaural cues are likely involved in SSwap. Karcz et al. (2008) showed that monauralized mice showed significant PPI for a 90°SSwap, this revealing an effect of monaural cues, but a reduced level of PPI compared to that obtained when the same animal was tested under binaural conditions. The binaural advantage revealed the significant contribution of binaural processing to SSwap performance in these animals.
As shown in Experiment 4, the increasing SSwap PPI with increasing noise level is consistent with the psychophysical data on localization provided by human listeners (e.g., Altschuler & Comalli, 1975; Sabin et al., 2005; Su & Recanzone, 2001 ) and monkeys (Recanzone & Beckerman, 2004) , save that most earlier reports suggest a performance benefit only over a small range of increased levels above the absolute threshold. Instead, the steady increase in PPI with an increase in level from 40 dB up to 78 dB at the 50 ms ISI shown in Figure 4 agrees more with the steady increase in onset-and offset-evoked neural activity in monkey auditory cortex with increasing levels of spatially distinct stimuli reported by Woods et al., (2006) . It should also be noted that the present experiment was primarily designed to test the effects of suprathreshold stimulus levels on performance, and PPI would certainly have declined sharply as the absolute threshold was approached with levels 10 to 30 dB below those used in this experiment. The data of Experiment 4 demonstrate that SSwap PPI in the mouse does depend on carrier intensity. As such, future experiments must consider the potential effects of peripheral hearing loss on the MAA in the mouse. Equally though, it is important to note that mice can be expected to detect changes in sound location over small angular separations even at moderate sound levels.
The four experiments reported here are concerned with the ability of mice to detect a change in the location of the sound, following the path taken by most animal behavioral studies that was first developed by Mills (1958) in an experiment with human observers. Experiments of this type yield psychophysical functions describing the relationship between angular separation and behavioral measures (e.g., Heffner & Heffner, 1988a , 1988b , or the behavioral functions presented here for PPI), or a single derived measure of spatial acuity, the MAA, for example, Mills (1958) in which the MAA was defined as 50% of the angular separation between the two angles that provided 25 and 75% correct detection. Heffner and Heffner (1988a) described four ways to calculate the MAA threshold for three grasshopper mice trained with a conditioned suppression procedure. The means of these four different calculations varied only slightly, from 17.5 to 19.2°. In our data here, the group mean PPI at 15°for the CBA/CaJ mice tested in Experiment 2 was significantly different from the control condition, while the 7.5°condition in Experiment 3 never had significant PPI. Our RMA paradigm appears to have produced an estimate of the MAA that approximates the threshold value for mice of Heffner and Heffner (1988a) , despite the very different testing conditions.
We also note that both RMA and the psychophysical measures that rely on a trained indicator response provide similar outcomes for gerbils as well as mice. Heffner and Heffner (1988b) reported an significant effect ( p Ͻ .01) for gerbil's ability to distinguish between noise bursts presented with 12°angular separation. Similarly, we have reported for a group of young gerbils that a WBN SSwap produced significant PPI ( p Ͻ .05) at a 15°degree separation for every ISI from 50 to 200 ms, and even for a 7.5°s eparation for ISIs between 150 and 300 ms . These similarities between thresholds obtained by RMA and via behavioral training methods should encourage its further use for measuring the spatial abilities of groups of mice and other rodents.
In these experiments we did not fix the head position of the mouse. Initial observations indicated that tight constraint of the mouse caused agitation and increased variability in the ASR. In a previous investigation using mildly tranquilized mice (Ison and Agrawal, 1998) we were able to successfully fix the mouse head by temporarily gluing a horizontal rod between the pinna. However, it was very difficult to titrate the drug level for each mouse in each test period to calm the mouse but not eliminate its startle response. We ruled out this procedure for the present experiments since it is incompatible with high-throughput testing. The preliminary observation of the normal nontranquilized mouse in the test cage was that its trunk remained oriented toward the speakers because of the restriction provided by the wire combs, but the head tended to rove from side to side within an approximate 30 degrees arc. These mice also engaged in bouts of head and ventral body grooming during which their heads moved vigorously both from side to side and up and down.
The freedom from restraint of our mice here contrasts with the typical procedures used in many free-field auditory localization studies, in which the heads of human participants have been fixed more or less rigidly within a fixed frame or otherwise held in place by bite-bars. Likewise, awake animal preparations often use a rigid post surgically attached to the skull to restrain the head. Head restraint is necessary in humans when variation in the MAA is investigated as a function of eccentricity (Mills, 1958) or the accuracy of sound localization is to be coordinated with initial eye-position (Lewald & Getzmann, 2006; Razavi, O'Neill, & Paige, 2007) . It is also essential in awake animals in experiments intended to correlate sound localization behaviors with central neural activity (in monkeys, Recanzone et al., 2000; or cats, Tollin et al., 2005) , this being necessary for accurate recording. Behavioral experiments on spatial localization have generally made an effort to stabilize head position to better define the stimulus conditions, for example, by having the subject close a circuit between the floor and a drinking spout to initiate a trial (in rats and mice, e.g., Kelly & Kavanagh, 1986; Heffner & Heffner, 1988a) .
The defense for holding the head in a stable position from trial to trial (as recommended by , in their discussion of sensory-behavioral testing in mice) is that this is necessary for the experimenter to maintain control over the stimulus conditions. The interaural time and level differences and the spectral cues that vary with the spatial location of the sound source must vary also with the shifting orientation of the subject's head and ears, unless this movement is somehow constrained.
In the present experiments the SSwap test stimulus is presented not when the animal is quiet with its head in some designated orientation, but at some quasi-randomly computer-designated time regardless of the animal's behavior. Further, during the average 20 s period that begins each trial the location of the sound is stable, but the critical binaural and monaural acoustic cues at the ears must constantly fluctuate over some unknown range with every movement of the head and pinna of the mouse. It seems then reasonable to argue, a priori, that this internally produced flux would obscure the reversal of the acoustics at the two ears provided by the external SSwap stimulus, and thus reduce or even eliminate PPI for this stimulus.
The empirical question, however, is whether this movementassociated fluctuation in the acoustic stimulus actually impacts these results. Our findings demonstrate that the sensitivity to differences in spatial location obtained with SSwap at least approximates the values obtained previously in experiments that attempt to stabilize the position of the head of the mouse. This challenges the assumption that fixing the head is necessary to provide a valid measure of the MAA. Other reports have shown that head restraint is not beneficial for localization acuity, with absolute spatial localization better in both monkeys (Populin, 2006) and cats (Tollin et al., 2004) when their heads are unrestrained. Additionally, it has been shown that even in human listeners the accuracy of sound localization is little affected by their changing head or eye position just before signal presentation (Goossen & van Opstal, 1999; Populin, 2008) . These several examples indicate that the auditory system can disambiguate the acoustic fluctuations that result from moving the head from those that result from an external shift in sound location. Shore and Zhou (2006) recently reviewed the somatosensory influence on auditory encoding. The central auditory system is not isolated from the other senses, but has multiple somatosensory and proprioceptive inputs generated by movements of the head, neck, and pinna that feed into its different levels from the most caudal divisions of the cochlear nucleus up to the auditory cortex. The associated physiological data show that the inputs into the auditory system from movements of the pinna can variously inhibit or can enhance neural activity evoked in the auditory system by acoustic input, for example, in the dorsal cochlear nucleus, as documented by Kanold and Young (2001) . We speculate that similar mechanisms exist in the neural pathways mediating PPI, such that startle is modulated for external changes in auditory cues, and not by those generated by the animal's own movement.
The RMA-based technique introduced here requires little or no adaptation to the test stimuli or the test environment and it may find application in situations where training the animal is impractical or impossible-for example, in early development, or for genetically modified animals with brief life spans (e.g., Brew et al., 2005) . The validity of prepulse inhibition and reflex modification audiometry to study monaural stimulus detection is well established (Hoffman & Ison, 1992; Ison, 2001; Simmons, 1988; Yerkes, 1905; Young & Fechter, 1983) , with PPI values having strong correlates to both mouse auditory neurophysiology and human psychoacoustics (Barsz et al., 2002) . It is only the use of RMA to study monaural/binaural stimulus discrimination based on location cues that is novel in the present work. That this and other reflex-based methods offer attractions for sensory work in animals is seen also in the report of Bala and Takahashi (2000) , and their recent use of dishabituation of the pupillary dilation response in owls to test their ability to discriminate sound location and frequency change. Further, these investigators went on to show that the dishabituation phenomenon correlated well with other behavioral and neurophysiological measures of detection and encoding in the owl. As described above, the present results correspond well with previous measurements of MAA in the mouse and the validity of this RMA procedure may be strengthened by subsequent neurophysiological measurements of the encoding of these stimuli in the mouse brain.
A more general limitation of the mouse model for understanding the molecular basis of binaural sound localization in mammals is suggested by the traditional view that mice depend solely on LSO processing of the ILD cues provided by high audio-frequencies. As such they cannot contribute to our understanding the way in which the MSO system functions, or the role of the ITD cues that are more important for large mammals, including humans. However, the brainstem of the mouse does include an MSO, albeit it is relatively small compared to that of large animals (Heffner & Masterton, 1990) . There are to our knowledge no published data yet available for the mouse MSO, but data obtained in the similarly sized MSO of the bat by Grothe and Neuweiler (2000) have shown that neurons in this nucleus are sensitive to the same range of ITDs that is found in the MSO cells of large animals. These are ITD values that could not arise from a single sound source presented at any degree of eccentricity in the bat or in the mouse, and while some of these large values do provide realistic cues for localization in the ITD sensitive cells of the MSO of larger animals, some do not. McFadden (1973) was the first to question the evolutionary relevance of these cues, suggesting that they would be normally encountered as near-coincident multiple copies of the same sound, for example, as echoes of a single acoustic event in a reverberant listening environment. Grothe and Neuweiler (2000) came to a similar conclusion, and suggested that providing an echo suppression mechanism that processes the location of only the first of multiple inputs ("the precedence effect") may have been the original function of the MSO in the primordial small mammal, and that has been adapted for a related purpose in larger mammals. The temporal binding or separation of spectrally defined similar events must be important for small and large animals alike and both the MSO and LSO of modern mammals may have preserved this function. Thus we conclude that the study of spatial hearing in the mouse arguably may elucidate not only the task of locating high audio-frequency sound objects in humans and other large mammals, but may also illuminate certain aspects of a more general use for ITD cues to represent acoustic space.
In conclusion, prepulse inhibition of the acoustic startle response can be used to measure the ability of mice to detect change in sound source location. Using this method, the minimum audible angle of the 3-month-old CBA/CaJ mouse appears to be between 7.5 and 15°. An ISI delay of 60 to 100 ms between the prepulse and the ASR is required to achieve this degree of resolution, while an angular separation of 180°r eaches a peak with only a 10 ms delay. Detection of the change in location is mediated by frequencies above 8 kHz, and particularly by those above 16 kHz, and the effectiveness of the SSwap stimuli in producing PPI increases with carrier intensity from 40 dB SPL at least up to 78 dB SPL. In addition the salience of different SSwap conditions is evident in the kinetics of PPI, in its rate of development with an increase in the ISI. This technique permits a rapid behavioral assessment of auditory spatial discrimination in mice that will prove useful in determining the behavioral consequences of genetic and pharmacological manipulations.
